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 Th e body tightly regulates extra cellular 
potassium ion concentration (P K ) within 
a small physiological range. Such tight 
control is necessary to maintain the rest-
ing plasma membrane potential (mem-
brane voltage) of excitable cells and to 
allow repolarization of neuronal, cardiac, 
and skeletal muscle cells aft er depolari-
zation. Signifi cant deviation of P K from 
normal can lead to serious consequences, 
including cardiac arrhythmias and death. 
Th erefore, it is not surprising that multiple 
systems, both renal and extrarenal, regu-
late and stabilize extracellular P K during 
short-term and long-term challenges to 
potassium homeostasis. Th ese systems, 
discussed below, are all critical to preserve 
normal potassium homeostasis. 
 Although genetic disorders associated 
with hypokalemia and hyperkalemia can 
provide significant insight into the 
mechanism of regulation of renal or 
extrarenal potassium homeostasis, these 
disorders are infrequent. Physicians are 
more commonly confronted with serious 
hypokalemia and hyperkalemia resulting 
from drugs or conditions that impair 
normal renal function. For many years 
 nephrologists have focused on the role 
of aldosterone as the main explanation 
for potassium dysregulation, and 
unquestionably this hormone exerts an 
important infl uence on potassium home-
ostasis. However, the study of Elabida 
 et al. 1 (this issue) also provides strong evi-
dence for an important role of progester-
one to regulate potassium homeostasis. 
 Aldosterone is the most potent salt 
(NaCl)-retaining steroid synthesized by the 
adrenal cortex. Classically, adrenal steroids 
have been divided into mineralocorticoids, 
glucocorticoids, and the sex hormones. 
Mineralocorticoids regulate salt and elec-
trolyte balance, whereas glucocorticoids 
primarily regulate carbohydrate metabo-
lism. Although glucocorticoids affect 
potassium excretion, these eff ects are con-
sidered largely secondary to their eff ects on 
luminal fl ow and nitrogen metabolism. 2 
Th e sex hormones have not been consid-
ered to have major eff ects on renal potas-
sium homeostasis, even though pregnancy, 
a condition of remarkable potassium reten-
tion, is a state of relative aldosterone resist-
ance and progesterone appears to 
antagonize the mineralocorticoid eff ects 
of aldosterone. 3 
 Mechanisms of potassium regulation: 
reactive versus predictive 
 Th e study by Elabida  et al. 1 opens the 
door to a new view of the role of pro-
gesterone in electrolyte and potassium 
balance. To put this study in proper per-
spective, it is necessary to discuss briefl y 
the short-term and long-term control of 
potassium balance. 
 A feedback system involving potassium 
intake and aldosterone action is consid-
ered responsible for long-term regulation 
of P K . Chronic increases in potassium 
intake produce an increase in P K , which 
stimulates the adrenal cortex to secrete 
aldosterone. In turn, aldosterone activates 
renal potassium secretion to restore P K 
and potassium homeostasis. Th is system 
is not suffi  cient to explain how small and /
 or acute increases in potassium intake that 
do not perceptibly aff ect plasma aldoster-
one concentration or P K 4,5 result in an 
immediate change in potassium excretion. 
Several investigators have provided evi-
dence consistent with an adaptive, feed-
forward system (reviewed by Greenlee 
 et al. 6 ) that proposes potassium sensors in 
the gut or hepatic portal circulation that 
detect local changes in P K and rapidly 
modulate the rate of renal potassium 
excretion. Also, renal potassium excretion 
exhibits a circadian fl uctuation that may 
participate in this rapid adaptive response. 
Circadian changes in the rate of renal 
potassium excretion cannot be explained 
by food intake, plasma aldosterone con-
centration, or plasma potassium concen-
tration but appear to be important in 
predictive potassium homeostasis. 7 Inter-
estingly, at least two groups of investiga-
tors provide evidence suggesting that 
adrenal steroids are necessary for the 
intrinsic circadian rhythm in potassium 
excretion. 8,9 Such studies imply inter-
actions between short-term and long-
term regulatory systems for potassium 
homeostasis. Therefore, the study of 
Elabida  et al. , 1 which provides a new 
mechanism for potassium regulation, 
must be viewed within the context of these 
short-term regulatory systems as well. 
 Synopsis and signifi cance of the study 
by Elabida  et al. 
 Elabida  et al. 1 fi rst designed a mathe-
matical model for steroidogenesis that 
predicted increased adrenal progester-
one production in response to prolonged 
potassium restriction. Th rough multi-
ple experiments, they confi rmed that 
low dietary potassium increases plasma 
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 progesterone in male and ovariectomized 
female mice and in men. Th e authors 
also found that potassium conservation 
was impaired in adrenalectomized mice 
during potassium restriction. 
 To determine transporters aff ected by 
progesterone, the investigators examined 
gene expression for potassium transport-
ers in cultured cortical collecting duct 
cells aft er 24 hours of progesterone treat-
ment and observed signifi cant increases 
in the  α - and  β -subunits of the colonic or 
HK α 2 -containing H,K-ATPase. Progester-
one also stimulated indices of potassium 
and proton transport by the HK α 2 H,K-
ATPase isoform, suggesting that progester-
one increases potassium reabsorption 
through HK α 2 -containing H,K-ATPases. 
A role for adrenal steroidogenesis, proba-
bly progesterone, to stimulate HK α 2 was 
further supported because adrenalect-
omized mice failed to increase renal HK α 2 
expression during chronic potassium 
restriction. The authors examined the 
effect of progesterone to alter  urinary 
potassium excretion in mice, observing 
that progesterone-treated mice had an 
approximately 30 % decrease in urinary 
potassium-to-creatinine ratio. Finally, 
the authors observed that HK α 2 -null mice, 
in contrast to wild-type mice, displayed 
no reduction in urine potassium-to-
 creatinine ratio, indicating that progester-
one stimulates urinary potassium 
retention through HK α 2 -containing H, 
K-ATPases.  Figure 1 illustrates the eff ect 
of a low potassium diet to stimulate adre-
nal progesterone production which 
increases HK α 2 activity. 
 Although this study clearly indicates an 
important role of progesterone to regulate 
urinary potassium excretion, the experi-
ments were conducted only in male and 
ovariectomized female mice and male 
humans, so a natural question is whether 
progesterone similarly aff ects renal potas-
sium homeostasis in normal females of 
both species. More importantly, how does 
the classical sex hormone progesterone 
signal the kidney to regulate potassium 
excretion without eff ects on reproductive 
physiology? Conversely, do the changes 
that occur in plasma progesterone during 
the normal menstrual cycle aff ect renal 
electrolyte balance via this mechanism? 
Another logical question is whether pro-
gesterone-mediated stimulation of HK α 2 -
containing H,K-ATPases is the mechanism 
for enhanced renal potassium retention 
during pregnancy. 
 Recent evidence suggests that proges-
terone may not be the only adrenal steroid 
acting chronically to stimulate the HK α 2 -
containing H,K-ATPase. Greenlee  et al. 10 
observed that chronic desoxycorticosterone 
pivalate (DOCP) treatment stimulates H,K-
ATPase activity and the HK α 2 -subunit in a 
potassium-dependent manner. Th e studies 
of Greenlee  et al. imply a dietary-potassium-
dependent role for the HK α 2 H,K-ATPase 
isoform in chronic mineralo corticoid 
action. Only additional experiments can 
address whether progesterone plays a part 
in the activation of HK α 2 -containing H,K-
ATPase during mineralocorticoid excess. 
However, it is clear that HK α 2 -containing 
H,K-ATPases are integral players in 
the interaction of adrenal steroids and 
potassium homeostasis. 
 As with all novel and intriguing obser-
vations, the work of Elabida  et al. 1 raises 
as many questions as it answers. Th is is 
not surprising, because it is obvious that 
potassium homeostasis is substantially 
more complex than previously antici-
pated. Nevertheless, Elabida  et al. 1 have 
provided a key that may open a door and 
allow us to view a new scientifi c landscape 
that was heretofore  terra incognita . 
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 Figure 1  |  Cell model of progesterone action in the renal collecting duct. Progesterone levels 
are inversely correlated with dietary potassium (K) intake. In the context of low dietary K intake, 
progesterone binds to progesterone receptors (PRs) in cells of the collecting duct, resulting in 
increased HK α 2 expression and eventually H,K-ATPase-mediated K reabsorption. With normal 
dietary K intake, progesterone levels decrease, and thus HK α 2 expression and activity are reduced. 
Progesterone
Low K
Normal K
K
H
K
H
K
H
K
H
Progesterone
PR-bound
progesterone
HKα2
mRNA
commentar y
Kidney International (2011) 80     233
 Ischemia remains the most significant 
cause of acute kidney injury (AKI), an 
affl  iction associated with high degrees of 
morbidity and mortality. As has been 
widely documented, there are very few 
eff ective treatments for AKI. 1 Th erefore, 
an understanding of the pathophysiologi-
cal processes promoting or preventing 
injury is critical to the potential develop-
ment of novel therapeutics. AKI due to 
ischemia results in impaired renal blood 
fl ow that contributes to the reduction in 
glomerular fi ltration rate, promotes renal 
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 A GAP in our knowledge 
of vascular signaling in 
acute kidney injury 
 David P.  Basile 1 
 Injury resulting from ischemia – reperfusion injury is a multifactorial 
process involving compromised function in both the tubular and the 
vascular compartments. Multiple vasoactive compounds have been 
implicated in the profound vasoconstriction that occurs in response to 
ischemia – reperfusion injury, and many of these factors signal through 
common G protein-coupled receptors. The report by Siedlecki  et al. 
highlights the important roles of RGS4, a GTPase-accelerating protein 
(GAP), in the regulation of vascular tone in the setting of acute 
kidney injury. 
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medullary hypoxia, and exacerbates 
cellular injury. 2 The reduction in renal 
blood fl ow is multifactorial but, at least in 
the initiating stages, is due to enhanced 
renal vascular tone. 
 Th e increase in renal vascular resistance 
in AKI has been proposed to be due to 
activation of the tubuloglomerular feed-
back mechanism and the production of 
vasoactive compounds that promote con-
striction. 2,3 Factors such as norepine-
phrine, angiotensin II, endothelin-1, 
thromboxane A 2 , and adenosine have 
been implicated in vasoconstriction in the 
setting of renal injury. A central role for 
vascular smooth muscle is supported by 
studies in which Ca   +   +   channel blockers 
or antagonists of the aforementioned vaso-
constrictors improve renal perfusion 
and minimize renal injury following 
renal ischemia – reperfusion. 2 – 4 These 
approaches seldom result in complete pro-
tection from injury and may not be entirely 
specifi c to the vascular smooth muscle. 
 It is noteworthy that most vasoconstric-
tors are proposed to mediate ischemic 
AKI signaling through G protein-coupled 
receptors (GPCR), representing a com-
mon regulatory pathway toward vasocon-
striction. GPCRs activate hetero trimeric 
G-protein complexes comprising G  and 
G   subunits. Agonist activation of a 
GPCR initiates the exchange of guanosine 
diphosphate (GDP) for guanosine tri-
phosphate (GTP) on a bound G  , thereby 
stimulating the protein to initiate a down-
stream signaling cascade. 5 Th e duration 
of the signaling event is determined by the 
lifetime of GTP bound to the G  subunit, 
which, in turn, is dictated by the intrinsic 
GTPase activity of the G  . However, the 
intrinsic GTPase of G  proteins can be 
modulated by a family of proteins known 
as regulators of G-protein signaling 
(RGSs), which are GTPase-accelerating 
proteins (GAPs). 5 RGS proteins increase 
the intrinsic rate of GTP hydrolysis by 
the G  , which accounts for the relatively 
fast GTPase activity that occurs  in vivo 
relative to the much longer half-life of 
GTP bound to purified G   in vitro . 5 
The activity of RGS would increase 
GTP hydrolysis and attenuate receptor 
signaling, whereas inhibition of RGS 
would slow GTPase activity and prolong 
GPCR signaling. 
 In mammals, there are more than 20 
known RGS proteins that interact with 
limited selectivity with most G  sub-
types. 5 Of these, both RGS2 and RGS4 are 
of potential interest in vascular and renal 
physiology, as they may partner with the 
G  subtype G  q (Gq / 11), which signals 
angiotensin II, endothelin, vasopressin, 
and thromboxane A 2 . 6 Th e potential role 
of Gq modulation by RGS proteins in 
renal function is not yet clear. Siedlecki 
 et al. 7 (this issue) have investigated the 
potential role of RGS4 activity in the 
pathogenesis of AKI. RGS4 expression 
and localization in the kidney are diffi  cult 
to detect. Th e study now reported by Sie-
dlecki  et al. 7 demonstrates that the  RGS4 
promoter drives expression of a reporter 
transgene almost exclusively in the micro-
vascular smooth muscle in the kidney. 
Although renal expression of RGS4 is 
